B3LYP/6-311+G * calculations were performed on five phenolic pent-4-en-1-yne derivatives, namely rooperol, dehydroxyrooperol I and II, bis-dehydroxyrooperol, and hypoxoside, to investigate and compare their antioxidant radical scavenging properties. The main objectives were to model, for the first time, the antioxidant properties of dehydroxyrooperol I and II and bis-dehydroxyrooperol, to clarify the possible role of hypoxoside as radical scavenger and to provide insight into molecular geometry factors influencing the radical scavenging properties of phenolic pent-4-en-1-yne derivatives. The study was conducted by checking the molecules' ability for two main antiradical mechanisms, hydrogen atom transfer and electron transfer. The results indicated that the antiradical properties of rooperol and the two dehydroxyrooperols are predominantly exerted through the hydrogen atom transfer mechanism and are the outcome of the stabilization of their neutral radical species through the interplay of hydrogen bond(s) and spin density distributions stabilizing their neutral radical species. The antiradical properties of bis-dehydroxyrooperol may be explained only in terms of the spin density distribution of its neutral radical species. The antiradical properties of hypoxoside, with O−H bond dissociation enthalpy considerably greater than that of phenol, could be considered to be minor and mainly governed by electron transfer mechanism.
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INTRODUCTION
Hypoxoside ( Fig. 1 ) and its aglycone rooperol (ROP), dehydroxyrooperol I and II (DHROP-I and DHROP-II) and bis-dehydroxyrooperol (BDHROP) are norlignan derivatives (i.e., diphenylpentane compounds) exhibiting biological activities such as anti-tumor, antibacterial, anticonvulsant, and antioxidant. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] They were isolated from Hypoxis rooperi, a plant known for both nutritional and medicinal properties. The plant is traditionally used for the treatment of testicular tumors, prostate hypertrophy and urinary infections, [4] [5] [6] [7] [8] [9] [10] [11] [12] colds, arthritis, and complications arising from cancer and HIV/AIDS, [6, 8] because of its immune boosting properties. It has been investigated extensively with the aim of identifying its bioactive constituents in view of potential utilizations in nutrition, pharmacology, and cosmetics. The antioxidant activity of Hypoxis rooperi extracts is among the properties investigated most intensively. Experimental studies of the antioxidant activities of hypoxoside and ROP have shown that ROP has strong capacity to scavenge radical species, [6, 11] its capacity is comparable to that of quercetin, a well-known free radical scavenger. [11, [14] [15] [16] [17] [18] [19] However, there have been conflicting results on the radical scavenging ability of hypoxoside, with some researchers suggesting that its antioxidant capacity, although less than that of ROP, is significant and could even be more potent than some of the antioxidants currently in clinical use, [6] while other researchers consider that its capacity is weak and suggest that its efficacy, as an antioxidant, could only be of interest once it has been converted to ROP in vivo. [11] It is therefore interesting to investigate the structural features and possible antioxidant mechanism of hypoxoside from a theoretical perspective, to have a better understanding of its potentiality as radical scavenger. Furthermore, the antioxidant activity of other constituents of Hypoxis rooperi, such as DHROP-I, DHROP-II, and BDHROP, has not been investigated individually, either qualitatively or quantitatively, and therefore there is no comparison of their radical scavenging capacity with respect to ROP or hypoxoside. Although ROP and hypoxoside are considered the major active compounds of Hypoxis rooperi (and other compounds are collectively referred to as "other extracts of African potato"), it remains a matter of interest to investigate and understand the possible contributions of each of the other compounds to the antioxidant activity exhibited by the extracts from Hypoxis rooperi.
In this work, the density functional theory (DFT) method was utilized to investigate the radical scavenging properties of ROP, DHROP-I, DHROP-II, BDHROP, and hypoxoside, with the aim of elucidating and comparing their potentialities as antiradical agents. Although extensive experimental studies have been performed to quantitatively measure the radical scavenging activity of ROP and hypoxoside, there is scarcity of theoretical studies investigating the molecular features responsible for their antiradical activities. In a previous work, [13] the DFT/B3LYP/6-31G(d) method was utilized to investigate the structural features accounting for the antioxidant activity of ROP (investigated through the metal chelation mechanism) and for its the antiradical activity (investigated through the hydrogen atom transfer [HAT] mechanism). However, in order to reach a better understanding of the role of structural features in determining the antiradical activity of the constituents of Hypoxis rooperi, it is important that a theoretical study is performed across the five polyphenolic derivatives, so as to elucidate and compare the structural features accounting for the differences in the antiradical activities of these compounds. Calculations were performed in vacuo, in chloroform and in water solution in order to take into consideration the solvent polarization effect on the the neutral species and the radical species. Chloroform is a non-polar solvent and is used to mimic the non-polar media present in living organisms. Water is a polar solvent and is extensively present in all living organisms.
The interest in the antiradical activities of compounds from natural origin [13, 20] arises from the current increase in the search for antioxidants with the ability to scavenge free radical species, which are considered responsible for a number of degenerative diseases such as cardiovascular diseases, cancer, and gastrointestinal degeneration diseases. [11] BDHROP hypoxoside HYP-model structure for hypoxosid used in the current work figure also shows the atom numbering utilized throughout the study. The OH groups are denoted with the same numbers utilized for the C atom to which a given group is attached; thus, e.g., O4 H4 is the OH attached to C4 . The phenolic ring linking to the C1≡C2 bond of the aliphatic chain is here denoted as A and the phenolic ring linking to the C4=C5 bond of the aliphatic chain is denoted as B.
the Hypoxis rooperi extracts has confirmed the non-toxic nature of the contents of the extract, [6] a substantiation of the antioxidant activities of these compounds has potential value for the design and synthesis of antioxidant drugs derived from this family of norlignan derivatives.
The antioxidant radical scavenging activity is hereby investigated by checking the molecules' ability for two main working mechanisms, namely HAT and single electron transfer (ET). [14, 21] In the HAT mechanism, the antiradical property of phenol derivatives (PhO-H) is related to their ability to transfer their phenolic H-atom to a free radical (e.g., phenoxyl radical, PhO • ). The H-atom abstraction is described by the reaction:
The stability of the radical species arising from this reaction is crucial to prevent further chain radical reactions. This means that the factors enhancing the stability of the ArO • radical enhances the antiradical activity. The ability of phenolic antioxidants to donate a hydrogen atom is mainly governed by the O-H bond dissociation enthalpy (BDE). Various studies have correlated the free radical scavenging activity to O-H BDE and shown that the lower the BDE value, the greater is the role of the corresponding O-H group. [22] [23] [24] The ET mechanism is governed by the capacity of a compound to transfer an electron and is better described in terms of the ionization potential (IP).
The lower the IP value, the more favorable the ET reaction. The molecular structures of ROP, DHROP-I, DHROP-II, BDHROP, and hypoxoside ( Fig. 1 ) differ by the type and number of phenolic derivatives substituted on the aliphatic pent-4-en-1-yne chain (APY). The phenolic ring linking to the C1 atom is here termed ring A and the phenolic ring linking to the aliphatic chain at C5 is termed ring B. ROP contains four phenolic OH, two on each benzene ring; the two OH of a ring are adjacent to each other and in meta and para positions with respect to APY. DHROP-I contains two adjacent phenolic OH on ring A, in meta and para to APY, and a phenolic OH on ring B, in para to APY. DHROP-II contains two adjacent phenolic OH on ring B, in meta and para to APY, and a phenolic OH on ring A, in para to APY. BDHROP contains one phenolic OH on each ring, in para to APY. Hypoxoside contains one phenolic OH on each ring, in meta to APY, and the position four on each aromatic ring is occupied by a glucose moiety. The adjacent phenolic OH in ROP, DHROP-I, and DHROP-II may form OH . . . OH intramolecular hydrogen bonds (IHB). IHB are known to influence both conformational preferences and physico-chemical properties, which in turn influence bioactivities. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] A study of the hypoxoside molecule with its two glucose moieties is computationally unaffordable; therefore, each glucose moiety was substituted with a methyl group, with the aim of reducing computational cost; this model structure will be denoted by the acronym HYP. As reported earlier by other researchers, it is very unlikely that the glucose moiety may have some influence on the reactivity of the systems, because the reactive site is universally accepted to be the phenolic ring. [37, 38] Most importantly, the substitution of each glucose unit by a methyl group does not alter the properties of the ether O at C4 and C4 ; e.g., the possibility of formation of an IHB with the adjacent phenolic OH is maintained.
COMPUTATIONAL DETAILS
Fully relaxed geometry optimizations of the neutral and the radical species were performed by utilizing DFT/B3LYP and DFT/UB3LYP methods, respectively, where B3LYP is the Becke's Three Parameter Hybrid Functional using the Lee-Yang-Parr correlation functional. [39] Both methods are recommended for the estimation of molecular properties related to reactivity. [40] Calculations were performed utilizing the 6-311+G * basis set to take into better consideration the effects of hydrogen bonding. The triple-ζ quality basis sets (including polarization and diffuse functions) are extensively used to study antioxidant polyphenolic derivatives. [22] [23] [24] 37] The expectation value of the total spinsquared operator ( S 2 ), calculated for all radical species, has a 0.78−0.79 range, which is close to the S 2 for the pure doublet wavefunction, 0.75. Therefore, the results of the calculations are less affected by spin contamination.
Frequency calculations were performed on fully optimized conformers (using the same method and basis set utilized for the geometry optimization) to determine the nature of the stationary points and to obtain the thermodynamic quantities necessary for computing bond dissociation enthalpies and adiabatic IPs. Input geometries for the radical species were obtained by abstracting the H atom from one or another of the OH groups in the optimized geometries of the neutral species. The BDE were estimated using the equation;
where H r is the enthalpy of the radical generated by H abstraction, H h is the enthalpy of the H atom, and H p is the enthalpy of the corresponding optimized neutral species. The BDE were corrected for zero point energy and for the thermal correction to enthalpies at 298K.
The adiabatic IP was estimated using the equation
where M is the lowest-energy conformer for each of the studied compounds, H(M • + ) is the enthalpy of the M cation radical species and H(M) is the enthalpy of M.
Solvent effects on geometries and relative conformational stabilities were taken into consideration using the polarizable continuum model (PCM) [41] in the integral equation formalism (IEF) framework. [42] The PCM calculations were performed as single point calculations on the in vacuo optimized geometries.
All calculations were performed with the Gaussian03 [43] and Spartan 10.V1.01 [44] programs. The schematic representations were drawn using the ChemOffice package in the UltraChem 2010 version and conformers were drawn using Spartan 10.V1.01.
RESULTS AND DISCUSSION

Conformational and Radical Stabilities
All the phenolic pent-4-en-1-yne derivatives considered in this work have the same backbone aliphatic chain. Therefore, the conformational analysis of the neutral and the radical species of the studied compounds were performed following the conformational analysis on rooperol and its radical species reported elsewhere. [13] The lowest-energy conformers for both the neutral and radical species of the studied compounds are shown in Fig. 2 . The lowest-energy conformers of ROP and HYP are each stabilized by the presence of two intramolecular OH . . . OH hydrogen bonds, one on each phenolic ring; the lowest-energy conformers of DHROP-I and DHROP-II are each stabilized by the presence of one intramolecular OH . . . OH hydrogen bond in the catechol moiety; the lowest-energy conformer of BDHROP is stabilized only by polar effects such as inductive and resonance effects. Each multiple bond in APY is conjugated to the nearby benzene ring and, as a consequence, the electrons in each multiple bonds are delocalized across the multiple bond and the neighboring benzene ring. This delocalization of electrons (i.e., conjugative resonance effect) is the basis for the stabilization of the molecule. A comparison of the total energies of the lowest energy conformers of the structural isomers DHROP-I and DHROP-II indicates that DHROP-I is
Optimized conformers of the neutral and radical species of rooperol, dehydroxyrooperol, and bisdehydroxyrooperol. B3LYP/6-311+G(d) results in vacuo. The abbreviation 'rad' in the name is meant to denote the radical species; the letters O3 , O4 , O3 , and O4 indicate that the different radical species were obtained by abstracting an H atom from O3 H3 , O4 H4 , O3 H3 , and O4 H4 , respectively. only 0.043 kcal/mol lower than DHROP-II. Although this difference would suggest a slight population difference (51.81% population for DHROP-I and 48.19% population for DHROP-II), it is actually smaller than experimental errors and, therefore, it may not be significant. The radical species for each structure are named by adding the abbreviation "rad" after the name of the structure from which it was generated, and an O atom number immediately after the abbreviation "rad" to indicate the position from which the H atom was abstracted. For instance, the name ROP-rad-O4 denotes that the radical species was obtained from ROP by abstracting the H4 atom from O4 H4 . For structure ROP, DHROP-I, and DHROP-II, the investigated radical species are those in which the IHB is maintained after the H atom abstraction, as recommended in other works. [24, 45, 46] The relative stabilization energies of the radicalized species are reported in table 1. ROP has four different radical species corresponding to the abstraction of the H atom at O3 , O4 , O3 , and O4 ; DHROP-I has three radical species corresponding to the abstraction of the H atom at O3 , O4 , and O4 ; DHROP-II also has three radical species corresponding to the abstraction of the H atom at O3 , O4 , and O4 ; BDHROP has two radical species corresponding to the H atom abstraction at O4 and O4 ; the lowest-energy radical species of HYP corresponds to the abstraction of the The abbreviation "rad" in the name is meant to denote that these are radical species; The letters O3 , O4 , O3 , and O4 denote that the different radical species were obtained by abstracting an H atom from O3 H3 , O4 H4 , O3 H3 , and O4 H4 , respectively. abstraction at the para phenolic OH are preferred to radical species formed by H atom abstraction at the meta phenolic OH. The radical species of ROP, HYP, and BDHROP provide an indication that H atom removal on the B ring is preferred to H atom removal on the A ring, because ROP-rad-O4 has greater stability than ROP-rad-O4 , ROP-rad-O3" has greater stability than ROP-rad-O3 , HYPrad-O3 has greater stability than HYP-rad-O3 , and BDHROP-rad-O4 has greater stability than BDHROP-rad-O4 .
HAT Mechanism and Calculated BDE Values
In order to estimate the role of the HAT mechanism in the activity of phenolic pent-4-en-1-yne derivatives, the O−H BDE values were calculated (at 298 K) for each OH group of the five compounds and are reported in Table 1 . The lower the O−H BDE, the easier the O−H bond breaking and the more significant its role in the radical scavenging activity. [47] The calculated BDE values suggest that ROP-rad-O4 and ROP-rad-O4 are the optimal radical forms of ROP, DHROP-II-rad-O4 is the preferred radical form of DHROP-II, DHROP-I-rad-O4 is the preferred radical form of DHROP-I and BDHROP-rad-O4 is the optimal radical form of BDHROP. The BDE values show significant dependence on the phenolic OH position and on the presence of IHB and a slight dependence on which ring the H atom is abstracted from. For instance, comparison of ROP-rad-O4 , DHROP-Irad-O4 , and DHROP-II-rad-O4 with ROP-rad-O3 , DHROP-I-rad-O3 and DHROP-II-rad-O3 , respectively, suggests a lower BDE for the OH in para than for the OH in meta, making the radicalization in para more favorable than the radicalization in meta. The preference for the radicalization in para may be explained by the extent of total spin density delocalization for the radical species. A radical species with higher spin density delocalization is usually preferred to a radical species with less total spin density delocalization. [48] The total spin densities (shown in Fig. 3 ) indicate that the H atom removal from a para phenolic OH (corresponding to ROP-rad-O4 and ROP-rad-O4 conformers in ROP, DHROP-I-rad-O4 conformer in DHROP-I and DHROP-II-rad-O4 conformer in DHROP-I) distributes the unpaired electron not only at the ortho and the para positions of the ring with the radicalized O-atom, but also beyond the atoms of the ring, extending to the atoms of the aliphatic chain. On the other hand, the H atom removal from a meta phenolic OH (corresponding to ROP-rad-O3 and ROP-rad-O3 conformers in ROP, DHROP-I-rad-O3 conformer in DHROP-I and DHROP-II-rad-O3 conformer in DHROP-II) distributes the unpaired electron only at the ortho and the para positions of the ring (with respect to radicalized O-atom). In this way, the H atom removal from a para phenolic OH leads to higher delocalization of the unpaired electron than the H atom removal from a meta phenolic OH. It is interesting to note that the in vacuo BDE of ROP-rad-O4 (72.9 kcal/mol) is only slightly greater than the in vacuo BDE of quercetin (72.4 kcal/mol), obtained with B3LYP/6-311++G * * method, [24] what is in agreement with the experimental findings that the radical scavenging activity of ROP is similar to that of quercetin. [11] This study therefore establishes that DHROP-II, with BDE value of 73.0, may have radical scavenging activity comparable to that of quercetin. Moreover, the in vacuo BDE for DHROP-I-rad-O4 and BDHROP-rad-O4" are lower than the BDE of phenol (82.9 kcal/mol, obtained with B3LYP/6-311++G * * method [24] ), suggesting that both DHROP-I and BDHROP are better radical scavenger than phenol.
The BDE values of ROP, BDHROP and HYP radical species, where the substituent groups on each side of the aliphatic chain are identical, may provide an indication of the role of the aliphatic chain in stabilizing the radical species. A comparison of the BDE values of ROP-rad-O4 & ROPrad-O4 , ROP-rad-O3 & ROP-rad-O3 , BDHROP-rad-O4 & BDHROP-rad-O4 , and HYP-rad-O3 & HYP-rad-O3 suggests that the BDE of the H atom in the B ring is smaller than the BDE of the H atom in the A ring (by ≈ 1.0 kcal/mol), which indicates that a conjugation of the phenolic moiety to a C4=C5 double bond results in greater antiradical properties than a conjugation of the same phenolic moiety to a C1≡C2 triple bond. The difference in the BDE values for the substituents at the two positions of the APY may be explained by the atomic spin density analysis, which is also known to provide valuable information on the stability of radical species. [49] [50] [51] [52] [53] Generally, radical species with more delocalized atomic spin density (i.e., those with less atomic spin density on the radicalized O-atom) are easy to form and correspond to smaller BDE values. [48] The Mulliken atomic spin densities for the radical species of the studied compounds are shown in Fig. 4 and suggest that the radicalized O-atom has less spin density in ROP-rad-O4 than in ROP-rad-O4 , in ROP-rad-O3 than in ROP-rad-O3 , in BDHROP-rad-O4 than in BDHROP-rad-O4 , and in HYP-rad-O3 than in HYP-rad-O3 .
The BDE values for the radicalization at different positions of DHROP-I and DHROP-II may provide indications about the role of the different phenolic rings on the antiradical activities of these compounds. The BDE values of DHROP-I suggest that H atom removal from either of the adjacent phenolic OH in ring A is easier than the H atom removal from the isolated phenolic OH in ring B. A similar trend is noticeable in DHROP-II, where the BDE values suggest that H atom removal from either of the adjacent phenolic OH in ring B is easier than the H atom removal from the isolated phenolic OH in ring A. Furthermore, an analysis of the BDE values across structures ROP, DHROP-I, DHROP-II, and BDHROP suggests that the highest BDE values are those of BDHROP, where there is an isolated phenolic OH on each aromatic ring. It is therefore reasonable to infer that systems with adjacent phenolic OH have higher radical scavenging properties than systems with isolated phenolic OH, [54, 55] which explains the fact that ROP (with two catechol moieties) has the highest radical scavenging activity among the compounds in the extracts of hypoxi rooperi. [6] Coupled with our earlier findings that the B ring is a better radical scavenger than the A ring, it is also reasonable to infer that DHROP-II has higher radical scavenging activity than DHROP-I, and DHROP-I has higher radical scavenging activity than BDHROP. The lower BDE values of ROP with respect to those of DHROP-I, DHROP-II, and BDHROP and the lower BDE values of DHROP-I with respect to BDHROP may be related to the fact that the radical species of ROP, DHROP-I and DHROP-II are stabilized by IHB; the higher the number of IHB present, the greater is the stabilization.
A comparison of the radical species of ROP with radicalized O atom in meta position (ROP-rad-O3 and ROP-rad-O3 ) and the radical species of HYP (HYP-rad-O3 and HYP-rad-O3 ) provides an indication of the effects of the replacement of the H of a phenol OH by another group (like the glucose group in hypoxoside or the methyl in our model structure HYP) for the radical scavenging properties of phenolic pent-4-en-1-yne derivatives. The BDE values of ROP are much lower than those of HYP because the radical species of ROP are stabilized by OH . . . OH IHB, which is not possible in the case of HYP radical species, which are stabilized by a weak CH . . . O • IHB, as also demonstrated for other guaiacol derivatives. [21] A comparison of the BDE for BDHROP and HYP indicates that HYP has larger BDE values than BDHROP (at least in vacuo and in chloroform), suggesting that HYP has the least radical scavenging properties among the studied phenolic derivatives. Furthermore, the in vacuo BDE values of HYP are much greater than that of phenol (82.9 kcal/mol obtained with UB3LYP/6-311++G * * [24] and 84.608 kcal/mol, obtained with B3LYP/6-311++G(3df, 3dp) [56] ), which is the simplest phenolic antioxidant. It is therefore reasonable to infer that HYP has minimal tendency to scavenge radical species through the HAT mechanism, because its BDE values are greater than that of the reference compound, phenol; this is consistent with the experimental findings showing that, even at high concentration levels, HYP does not scavenge radical species. [11] A comparison of the in vacuo BDE values of compounds with a methoxy group adjacent to a phenolic OH (e.g., curcumin, dehydrozingerone, isoeugenol, and eugenol [57] [58] [59] [60] [61] ) with the BDE values of HYP indicates that HYP has the least tendency to donate its H atom (i.e., it has the highest BDE).
In solution, the BDE values show the same trends as in vacuo across the radical species of each compound within the same medium. Comparison across media shows that the BDE values for ROP, DHROP-I, DHROP-II and BDHROP are greater for the more polar solvent (water) whereas the values of HYP are smaller in water, so that HYP could be considered more reactive in water solution than in vacuo. The decrease in the BDE values of HYP may be related to the increased stabilization extent of its radical species by solvent molecules.
ET Mechanism
To understand the role of ET mechanism for the studied norlignan derivatives, the IP was estimated (as the energy required for removing an electron from the ground state of a neutral molecule) for all the studied compounds, and the results are reported in Table 2 . The lowest IP corresponds to HYP followed by ROP, i.e., compounds having two IHB have the lowest IP values and comparison of the IHB parameters indicates that the lowest IP corresponds to the structure with the strongest IHB. Therefore, the presence or absence of IHB appears to be the most influential factor determining the IP values and the ET mechanism in general. A comparison of DHROP-I and DHROP-II suggests that the position of the IHB (whether on ring A or ring B) has minimal influence on the IP values. The in vacuo IP values, reported in Table 2 , are significantly lower than those of quercetin (166.08 kcal/mol obtained with B3LYP/6-311++(d,p)), suggesting that the ET mechanism could be more dominant in the phenolic norlignan compounds (investigated in this work) than in flavanoid compounds. Moreover, the in vacuo IP values are also higher than those of ferulic acid derivatives, eugenol, and isoeugenol, which are known to scavenge DPPH radical species through ET mechanism. [61] The outcomes, therefore, suggest that all the studied norlignans have the ability to scavenge radical species through the ET mechanism, and that hypoxoside has the highest tendency to scavenge radical species through the ET mechanism. However, because the IP values are significantly higher than the BDE values ( Table 1 and Table 2 ), the HAT mechanism is clearly dominant (thermodynamically) over the ET mechanism, which in turn suggests that the norlignans that scavenge radical species predominantly through the HAT mechanism are more likely to show greater radical scavenging activity than norlignans that scavenge radical species through the ET mechanism. In solution, the IP values are significantly lower than in vacuo, mainly because of the stabilization of charge systems in the presence of the solvent. The separation in the IP values of different structures is also smaller in solution than in vacuo, indicating that, in solution, most compounds have nearly similar tendency to react through ET mechanism. The ET mechanism may offer an explanation for the observation that hypoxoside scavenge radical species, as reported by some researchers. [6] However, even in such cases, where hypoxoside appears to scavenge radical species, its radical scavenging activity is nearly five times less than that of ROP, indicating that the action mechanism in hypoxoside (i.e., the ET mechanism) is less dominant than the radical scavenging action mechanism in ROP (in which HAT mechanism dominates). The differences reported in literature on the ability of hypoxoside to scavenge radical species may also be related to the differences in the characteristics of the scavenged radical species. [6, 11] However, what is significant from all the three studies (the two experimental studies and the theoretical study reported here) is that hypoxoside has minimal ability to scavenge radical species, as compared to other phenolic pent-4-en-1-yne derivatives.
CONCLUSIONS
A DFT study of the radical scavenging properties of five phenolic pent-4-en-1-yne derivatives, isolated from the hypoxi rooperi, was performed to compare the radical scavenging properties across structures and to provide a theoretical perspective on the antioxidant properties of hypoxoside, for which experimental studies have reported differing results. The study was conducted in vacuo and in solution, taking into consideration both the HAT and ET mechanism. The results obtained in both media indicate that rooperol and dehydroxyrooperol (II) have the lowest BDE values, corresponding to the removal of the H atom from the OH group in position 4 on the aromatic ring linked to the C=C bond of the aliphatic chain. The most significant factors identified to contribute to the stabilization of the neutral radical species include the presence of IHB, which is only possible for adjacent phenolic OH groups; the position of the phenolic moiety with respect to the aliphatic chain; the position of the radicalized O atom on the aromatic ring, which determines the extent of delocalization of the unpaired electron beyond the aromatic ring with the radicalized O atom. BDHROP, which has no possibility of forming IHB, has the highest BDE values compared to ROP, DHROP-I, and DHROP-II. HYP has the highest BDE values (and, therefore, it has the least tendency to scavenge radical species through the HAT mechanism) because its neutral radical species, generated from the abstraction of the H atom from the phenolic OH, combines a number of unfavorable factors including the absence of IHB and the fact that its semi-quinone O atoms are in meta position with respect to the aliphatic chain (positions 3 and 3 on the aromatic rings), which means that the unpaired electron is only delocalized within the ring to which the radicalized O atom belongs, with no distribution beyond the ring to the pent-4-en-1-yne aliphatic chain. Indeed, these factors are strongly destabilizing, to the extent that the BDE values of HYP are much higher than that of phenol, a reference compound for the antiradical activity of polyphenolic derivatives. It is therefore reasonable to conclude that HYP does not scavenge radical species through the HAT mechanism but through the less effective ET mechanism.
Overall, the outcomes of the study suggest that phenolic norlignan derivatives have high antioxidant activity. The study has also established that when the H of a phenolic OH is substituted by another group, the preferred antioxidant mechanism might be different from the antioxidant mechanism in norlignans with no phenolic OH group replaced by other functions. It is the case of hypoxoside (with two H replaced by glucose units) and its ROP, and the difference in their mode of action may be an important contribution to the difference in their antioxidant activity. The theoretical results obtained are in agreement with the experimental results that proved the antioxidant activity of these compounds (thus providing an interpretation for it), and may help predict whether a similar activity can be expected for the compounds for which it has not yet been determined, or help answer questions that appear to remain still open from the reported experimental results, like whether hypoxoside can be expected to have good or poor antioxidant activity.
